Soybean (Glycine max L.) cells cultured in B5 medium produce extremely low amounts of lignin. However, modification in the growth medium, by lowering the concentration of NO-3 and P02;4, results in the lignification of these cells without affecting levels of cell wall-esterified 4-coumaric and ferulic acid. The production of an extracellular, macromolecular complex by the cultured soybean cells (Moore TS Jr 1973 Plant Physiol 51: 529-536 Due to the simplicity of inducing lignin biosynthesis in cultured soybean cells, lack of differentiation in lignifying cells, and the development of a rapid, sensitive lignin detection method, the system described is of use as a model system in the study of the effects of fungal elicitor on the lignin content of the soybean cell wall. Such studies have relevance because it has long been argued that lignin may play an important role in host-pathogen interaction (see review by Vance et al. [25] ) for example by acting as a mechanical barrier to pathogen invasion. Many previous studies (reviewed in 25) have failed to distinguish lignin from related hydroxycinnamic acids known to exist in the cell wall (6). Such compounds could play a role in host-pathogen interactions in a similar manner to that proposed for lignin. In the present study, both lignin and cell wall-esterified hydroxycinnamic acids are estimated. Biosynthesis of the former is affected by both the nature of the growth medium and treatment of the soybean cell cultures with fungal elicitor.
low levels of an elicitor fraction from the cell walls of Phytophthora megasperma in the medium in which lignification of the soybean cells occurs suppressed both the accumulation of extracellular lignin and phloroglucinol staining of the cell walls without affecting the levels of bound hydroxycnnamic acids. The activity profiles of phenyldanine ammonia-lyase (EC 43.1.5) and isoenzymes of 4-coumarate.:CoA ligase (EC 6.2.1.12) were compared in lignifying and elicitor-treated cell cultures as was the activity of chalcone synthase, an enzyme of flavonoid biosynthesis. The measured activities of these enzymes in cell cultures treated with elicitor were considerably lower than in untreated cells.
Cell suspension cultures provide excellent systems for the study of secondary metabolism; simple alterations of growth media often result in the expression of a specific metabolic pathway. One such system studied in this way is phenylpropanoid metabolism, a branched pathway leading to the biosynthesis ofa variety ofcompounds including flavonoids and lignin. Phenylpropanoid metabolism has been well studied in soybean cell suspension cultures by Hahlbrock et al. (10) . Although detailed studies of lignification in soybean cell suspension cultures have not been published previously, Hosel et al. (12) were able to induce lignification in these cells by modification of the hormone content of the culture medium.
Soybean cells in culture have been shown to produce very low quantities of a hardwood-type lignin (21) . Additionally, these cells produce an extracellular complex which was shown to contain a lignin-like material (19) . The present study describes a system for inducing lignification in cultured soybean cells and studying changes in the activities of enzymes of lignin biosyn- Due to the simplicity of inducing lignin biosynthesis in cultured soybean cells, lack of differentiation in lignifying cells, and the development of a rapid, sensitive lignin detection method, the system described is of use as a model system in the study of the effects of fungal elicitor on the lignin content of the soybean cell wall. Such studies have relevance because it has long been argued that lignin may play an important role in host-pathogen interaction (see review by Vance et al. [25] ) for example by acting as a mechanical barrier to pathogen invasion. Many previous studies (reviewed in 25) have failed to distinguish lignin from related hydroxycinnamic acids known to exist in the cell wall (6) . Such compounds could play a role in host-pathogen interactions in a similar manner to that proposed for lignin. In the present study, both lignin and cell wall-esterified hydroxycinnamic acids are estimated. Biosynthesis of the former is affected by both the nature of the growth medium and treatment of the soybean cell cultures with fungal elicitor.
MATERIALS AND METHODS
Cell Cultures. Cell suspension cultures of Glycine max L. cv Mandarin were maintained in the dark in B5 growth medium (8) containing 0.05 mM FeSO4-EDTA (15) . Cells were subcultured each 6 to 7 d when the conductivity ofthe medium reached 1.5 ± 0.5 mS (9).
Medium for the Induction of Lign'ification. B5 medium used to maintain the soybean cells was modified by lowering the levels of two salts, KNO3 and NaH2PO4. H20, without any alteration of hormone concentrations. KNO3 level was lowered from 2.5 g L' (24.7 mM) in B5 medium to 0.94 g L' (9.26 mM) and NaH2PO4.H20 levels lowered from 0.15 g L-' (1.1 mM) in B5 medium to 0.0225 g L-' (0.165 mM). The new medium was designated LSB5 medium.
Lignification was induced by transferring cells from B5 to LSB5 medium. In the case of 40-ml cultures, a larger inoculum of cells than was normally used to maintain the culture was transferred to LSB5 medium. Routinely, 7-d-old, 40-ml cell cultures (conductivity, 1.5 ± 0.5 mS) were poured into 400 ml of B5 culture medium in 1 L Erlenmeyer flasks. When this culture had reached conductivity of 1.5 to 2.0 mS, usually between 6 and 7 d, cells were allowed to settle and the spent B5 medium withdrawn under axenic conditions. LSB5 medium (400 ml) was then poured onto the settled cells which were further cultured for 5 (20 Ml) were added to the supernatant and the tube was shaken vigorously. Color was allowed to develop at room temperature and, after 20 min, spectra were recorded between 600 and 400 nm against a blank containing no lignin. This procedure did not extract all lignin from the extracellular complex since, after dioxan/ethanol extraction, the complex still showed some phloroglucinol staining. Washing the pellet (extracellular complex) with water and ethanol, prior to dioxan/ethanol extraction, did not solubilize detectable amounts of lignin.
Cell walls that had not been subject to alkaline hydrolysis, were prepared as detailed under 'isolation of cell walls and alkaline hydrolysis.' Cell wall samples (20 mg) were subject to the nitrobenzene oxidation method of Whitmore (26) . Vanillin was localized on TLC plates by spraying with acidic phloroglucinol (0.1% in ethanol).
Isolation of Cell Walls and Alkaline Hydrolysis. Frozen cells were thawed at room temperature and thoroughly washed with water, methanol, and finally ether, on a fine sintered glass funnel. Cell walls were then dried on a tray at 70°C for 1 h before storage at room temperature. Dried walls were partially hydrolyzed in degassed 0.1 M NaOH, under N2, for 2 h at 90C. The solution was then made slightly acidic by the addition of 6 M HCI and extracted twice with ethyl acetate which was then removed by rotary evaporation.
Thin Layer Chromatography (TLC). Extracts from NaOHtreated cell walls were taken up in a small volume of ether/ isopropanol/acetic acid (9:1:0.05) and run through a silica SEP-PAK cartridge (Waters Associates). Nonbinding material was collected and dried by rotary evaporation before application, in ethyl acetate, to Kieselgel 60 TLC plates (Merck, Darmstadt).
Plates were developed in benzene/acetic acid (9:1, 6) without UV illumination. Freshly made solutions of various cinnamic acid derivatives in ethanol were applied as reference compounds and in this system migrated largely as trans-isomers. Enzyme Extraction and Protein Determination. Buffer used for the extraction of enzymes was 0.15 I3 Tris-HCI, pH 7.8, containing 25 g L'Tris, 0.5 mm PMSF, 10 mM 2-mercaptoethanol, 1 mM Na2EDTA, and 20% glycerol, titrated to pH 7.8 with HCI. All stages of extraction were carried out at 5C or when possible on ice. Frozen cells (0.4 g) were shaken with extraction buffer (0.6 ml) for 30 min and then centrifuged at l0,OOOg for 30 min.
The supernatant was transferred to an Eppendorftube containing preequilibrated Dowex 1 x 2 (50 mg) and shaken intermittently for 30 min before centrifugation at l0,OOOg for 30 min. This supernatant was normally used directly for assay but, in the case of data presented in Figure 2 , was further purified by passage through a l-ml column of Sephadex G-50 (fine). Protein was estimated after Bensadoun and Weinstein (2) with ovalbumin (Sigma) as a standard.
Enzyme Assays. PAL (EC 4.3.1.5) activity was measured by continuous spectrophotometric determination of cinnamic acid production (27) .
4 CL (EC 6.2.1.12) was measured by the continuous spectrophotometric assay of Knobloch and Hahlbrock (16) Additionally, it was found that soybean cell wall lignin was extremely difficult to solubilize in organic solvents. In the present study, lignin was routinely extracted and determined from the extracellular complex found in the spent growth medium of these cells. A solvent mixture was sought in which lignin from the extracellular complex produced by soybean cells was soluble and in which its reaction product with phloroglucinol was stable long enough to be measured spectrophotometrically. Initially, different mixtures of dioxan, water, and ethanol were investigated, and the solvent mixture finally chosen was dioxan/ethanol (3:2). Coniferylaldehyde reacted with phloroglucinol in this solvent, under conditions stated in "Materials and Methods." Maximum color development took 35 min at room temperature (Fig. IA) , the colored product was stable for several hours and had a X max of 546 nm and a e mol of 57,000. A Bjorkman wheat lignin preparation (a gift of H. Nimz to this laboratory) reacted with phloroglucinol and gave maximum color development after 25 min; the spectrum (Fig. 1B) was somewhat broader than that observed with coniferylaldehyde having maximum absorption between 534 and 540 nm. Color was stable for only 10 Culture time (h) nm of the phloroglucinol reaction product was recorded. A spectrum of the soybean lignin-phloroglucinol reaction is given in the inset to Figure 3 .
Some lignin could be solubilized (dioxan/ethanol, 3:2) from the soybean cell wall and gave a measurable spectrum with phloroglucinol. This spectrum was similar to that obtained by extraction of the extracellular complex.
Development of LSB5 Medium. A variety ofgrowth regulators (NAA, BA, and kinetin), added in various combinations and concentrations (between 10 and 0.1 Mm L-') to B5 medium in which 2,4-D (a normal component of B5 medium) had been omitted, did not result in strong lignification of the cells (data not given). When a small amount of lignification was observed, it was invariably associated with a late stage of growth of the culture. Lowering the levels of KNO3 alone, or of NaH2PO4. H20 alone, did not result in lignification of the soybean cells. Lignification did occur if the levels of both of these salts were reduced; strongest phloroglucinol staining occurred at the levels of KNO3 and NaH2PO4. H20 chosen for use in LSB5 medium. Although the induction of lignification in cells grown in either 40-or 400-ml LSB5 cultures was basically similar, a far greater degree of lignification occurred in those cells grown in 400-ml cultures. This is apparent from comparison of Figures 3 and 5 illustrating the amount of extracellular lignin detectable in these cultures.
In size and shape, almost all cells grown in LSB5 medium appeared very similar to those grown in B5 medium. On one occasion, a large, elongate cell with some spiral thickeningspossibly a partially differentiated tracheid-was seen. The cell walls of some cells grown in LSB5 medium appeared somewhat thicker than those of cells from B5 medium and showed more intense phloroglucinol staining on the cytoplasmic side of the cell wall. Cells grown in B5 and LSB5 medium stained well with fluorescein diacetate during and beyond the duration of the Fig. 5 ). The results presented are all highly reproducible. Correlation of Enzyme Activities with Lignification. The induction of lignification in LSB5 medium was studied in both 40-and 400-ml cultures. In both cases (Figs. 2 and 3 , and 4 and 5), the induction of 4CL corresponded to the time at which cells stained with phloroglucinol and to the detection of lignin in the growth medium. In 40-ml cultures, the activity of PAL relative to 4CL was lower than in 400-ml cultures where a greater extent of lignification was observed. Enzyme activities from cells grown in B5 medium were comparable to those previously published by Ebel et al. (4) . Low levels of Pmg elicitor (5 gg ml-') in the LSB5 medium altered the observed enzyme activity profile (Fig.  4A ) with respect to all three enzymes assayed. In cells grown in LSB5 medium (Fig. 4B) , levels of PAL, 4CL, and CHS reached a maximum around a culture time of 120 h. Cells grown in the same medium in the presence of Pmg elicitor (5 $tg ml-') showed a very different profile (Fig. 4A) 
DISCUSSION
In many previous studies of lignification, changes in growth medium hormone content have resulted in the lignification of plant tissue (18, 22) , callus culture (22) , and cell suspension culture (7, 12) . Hosel et al. (12) (Fig. 4) . The measured activities ofboth 4CL isoenzymes invariably followed congruent profiles during growth of soybean cells in LSB5 medium (whether or not the cells had been elicitor treated), questioning the suggestion (15) 
